Polar magnetic states are realized in pseudocubic manganite thin films fabricated on high-index substrates, in which a Jahn-Teller (JT) distortion remains an active variable. Several types of orbitalorders were found to develop large optical second harmonic generation, signaling broken-inversionsymmetry distinct from their bulk forms and films on (100) substrates. The observed symmetrylifting and first-principles calculation both indicate that the modified JT q2 mode drives Mn-site off-centering upon orbital order, leading to the possible cooperation of "Mn-site polarization" and magnetism.
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Cross-correlated controls of electronic functionalities, such as magnetic responses induced by an electric field and vice versa [1] , are of particular importance in oxide electronics. Although there exist many bulk compounds showing collective spin, charge, and orbital orders (SO, CO, and OO) [2] , most of them lack either electric polarization itself or sufficient couplings between electric fields and respective degrees of freedom [3] . Therefore incorporation of engineered polarization in magnetic perovskites, with effectual cross-couplings, should renovate the nature of functional oxides. To modify the electronic symmetry of these orders, application of epitaxial strain [4] and the formation of interfaces [5] are promising.
In pseudocubic perovskites (ABO 3 ), proper ferroelectricity is usually induced by the atomic displacement of lone-pair active A-sites (e.g., BiMnO 3 ) and/or B-sites with d 0 -ness (e.g., BaTiO 3 ). However, empirical incompatibility of ferroelectricity with magnetism at the Bsites [6] practically directs the researchers to seek for the polarization without B-site displacements; geometrical interactions of spins and orbitals [1, 7] , CO with asymmetric charge distribution [8] [9] [10] , octahedral rotations [11, 12] , and hybrid [13] .
The proper ferroelectricity in strained cubic manganites, which directly couples to B-site spins, has been predicted from first principles calculations [14] [15] [16] . Whereas the first-order JT distortion preserves centrosymmetry of the BO 6 octahedra, the second-order terms can drive the B-site off-centering, which is favored in the expanded lattice in relation to octahedral rotations. Following this scenario, high-pressure synthesized Sr 1−x Ba x MnO 3 (SBMO) has been reported recently to show ferroelectricity [17] . However, these predictions are quite limited in both material selection and lattice modification, where tensile (epitaxial) strain has been considered only in a tetragonal way, excluding the possibility of additional symmetry-engineering.
Here we introduce shear-mode stress as a general route to induce B-site displacements in pseudocubic perovskites. By using (110)-oriented substrates and doped manganites with degenerate e g orbitals, we can activate JT distortions at the OO transition in thin films, which induce enough shear-mode stress in the octahedra favoring the polar lattice motion. Three examples of prototypical manganites with distinct ground states are presented; Pr 0.5 Sr 0.5 MnO 3 (PSMO), Pr 0.5 Ca 0.5 MnO 3 (PCMO), and Nd 0.5 Sr 0.5 MnO 3 (NSMO); with spin-A-type antiferromagnetic (AFM) state and d x 2 −y 2 OO for the former, and with spin-CE-type AFM, checker-board type and d 3x 2 −r 2 /3y 2 −r 2 charge-orbital order (COO) for the latter two [18] . The manganite films are fabricated on the (110) faces of (LaAlO 3 ) 0.3 (SrAl 0.5 Ta 0.5 O 3 ) 0.7 (LSAT) and SrTiO 3 (STO) substrates [19] . Indeed we revealed the emergence of polar magnetic phases in these films, and characterized their symmetry in detail by using optical second harmonic generation (SHG).
Electronic properties of coherently-grown films can be different from those of bulk single crystals [4] . For example, first-order phase transitions in manganites are usually suppressed by the biaxial lattice clamping to the (001)-oriented substrates. In the present study, the OO transitions are made possible through the modified JT q 2 mode constrained on (110) substrates [19] , where the two axes of the film will change in a monoclinic (or parallelogram) way keeping the cell volume [20] . Note that single crystalline films with distinct phase transitions are paramount to understand the critical size of respective degrees of freedom, which is essential to realize functional 
nano-structures.
The characterization of symmetry and detection of small atomic displacements in oxide thin films are still challenging, even with x-rays from synchrotron radiation. Polarized SHG has many advantages including the sensitivity to the electronic symmetry at the thickness of a single unit cell. It is also possible to image polar, AFM, and toroidal domains [21] down to the diffraction limit. Figure 1 (a) shows the electronic phases of a PSMO film on an LSAT(110) substrate. The ρ-T characteristics are quite similar to that of a bulk single crystal [22] , and the metal-to-insulator (MI) transitions can be further enhanced by reducing the film thickness (not shown). According to the study of superlattice reflections [18] , the MI transition was confirmed to be into a d x 2 −y 2 OO phase without any CO. Pseudocubic manganites with tetragonal or orthorhombic structures keep a center of inversion in their bulk crystals, thus are nonpolar and SH inactive [23] . In contrast, we found strong SHG in the OO phase [ Fig. 1(a) ] with (s, s) polarization, where the first letter in the parentheses refers to the polarization of the incident fundamental photons and the second letter to that of the second-harmonic, respectively [see Fig. 2(a) for the coordinates. The details of the SHG measurement can be found elsewhere [24] ]. The OO transition is also discernible in (45
• , s) polarization as a dip, which is a result of interference with the surface SHG.
The observed (s, s) signal is strong enough and background free to perform SHG imaging. Figures 1(b-j) dis- play domain structures emerged across the phase transition. The OO and concomitant AFM regions appear bright in the SH microscopy, ensuring that the SH is not from domain walls or other defects. Contrary to the case of spin-CE-type manganites in which nanoscale phase separation is present [25] , patch-like domains with the size of 1∼10 µm are resolved, which appear and disappear not gradually but instantly under cooling/warming processes.
Typical SH polarization patterns of the PSMO film are shown in Fig. 2(b) . Above the OO transition temperature (T OO = T N ∼160 K, T N ; Néel temperature), the patterns indicate the electronic symmetry of mm2 being consistent with that of the (110) surface. At T OO = T N , large s-polarized SHG (along [110]) emerges, signaling a symmetry-breaking, which interferes with the surface mm2 signal and rotates the SH polarization [ Fig. 2(b) top panel]. The p-polarized SHG is also modified due to the same symmetry-lifting (bottom panel). By analyzing the SH polarization measured with several optical geome- To confirm its polar character, pyroelectric current was measured along two in-plane axes by intensity modulation heating with a diode laser [ Fig. 2(d) ]. Surprisingly large current of the order of 100 pA was detected only along [110] , although the transport and magnetization are nearly isotropic in these films [19] .
In addition to the PSMO films, PCMO and NSMO films on (110) substrates are characterized to prove the universality of the modified JT deformation to induce polarization. These compounds are carefully chosen to clarify the symmetry-breaking mechanism and to compare different OOs (d x 2 −y 2 to d 3x 2 −r 2 /3y 2 −r 2 ), SOs (Atype to CE-type), and substrate materials. Figure 3 illustrates the respective electronic phases and SHG. Although both films have the same spin-CE-type ground states [ Fig. 3 insets], the former shows the COO and the SO at different temperatures, thus was used to single out the role of SOs. For both films we detected (s, s) polarized SHG below T COO ; again the symmetry is lifted from their bulk forms [23] . The microscopy imaging here was not feasible, because the SH signals are more than 10 times smaller than that of the PSMO film, and domains for the spin-CE-type order is presumably small [25] . Moreover, the temperature dependences are rather gradual, which clearly differ from the lattice modulation at OO [20] , revealing their electronic contributions. These characteristics point to the difference between the d x 2 −y 2 and d 3x 2 −r 2 /3y 2 −r 2 OOs, in which the former develops long-range order and shows homogeneous transitions [27] . Nevertheless, the changes in their electronic symmetry are similar to that of PSMO, surprisingly, as can be seen in the rotation of SH polarization (Fig. 3 insets) . Here the rotation angle is a complex function of the refractive index and the phase of the second-order susceptibility (χ (2) ) tensors. The common appearances of large in-plane SHG in these films with different OO structures, the absence of CO in PSMO, and the irrelevance of SO in PCMO, rule out most of the symmetry-breaking mechanisms known so far [7, 8] . The surface-related effects such as piezoelectricity at the (110) surface would produce polarization. However the observed s-polarized (in-plane) SHG increases with the film thickness [ Fig. 2(c) ], which contradicts to the assumed surface origin. Flexoelectricity induced by the strain gradient in epitaxial films [28] prefers polarization normal to the film. Note that the magnitude of the emerging χ (2) elements in the PSMO films approach to that of d 11 of α-quartz, which is surprisingly large, leading us to the inquest of the Mnsite polarization (off-centering) with large Born effective charges [14, 15] .
Deposited on the (110) substrates, the manganite films adopt JT distortions for both d x 2 −y 2 and d 3x 2 −r 2 /3y 2 −r 2 OOs, inducing the monoclinic deformation in the lattice [18] [ Fig. 2(a) ]. (Note that the PSMO favors monoclinic 2/m in the bulk OO phase [29] ). When looking into the predicted ferroelectric instability in a cubic perovskite [14] , the combined unstable phonon modes (second-order JT) are compatible with this shear-mode deformation. In addition, the films are under tensile strain along [110] . Both effects will promote offcenterings of the magnetic B-sites, and this atomic displacements are consistent with the lifting of two-fold symmetry along [001] observed in the SHG polarimetry.
To confirm this scenario, we examined the stability of the polar structure in the PSMO film by assuming hypothetical spin-A-type and half-doped SrMnO 3 (Fig. 4) . The structural optimization was performed by first-principles density-functional calculation in the generalized gradient approximation (GGA) with the on-site Hubbard U parameter (GGA+U ), where a plane-wave basis set with a cutoff of 35 Ry and the ultrasoft pseudopotential were adopted [30] . Experimentally determined lattice constants on LSAT(110) with monoclinic crystal distortion (γ = 92.37
• ) in the OO phase were assumed, and 4×4×4 k points were sampled. In addition, an orthorhombic structure (γ = 90
• ) with the same cell volume was checked for comparison. The Hubbard U was chosen to be 4.5 eV for manganese atoms. To find the local potential minima, the polar structures are optimized with the initial displacement of the Mn atoms of 0.2729Å along [110] . As a result, the Mn and Sr atoms found potential minima displaced mainly along [110] and slightly to [100] from the center of the O 6 octahedron for the monoclinic structures (Fig. 4) . These polar displacements are consistent with the experimentally observed SHG; mainly in-plane ( [110] ) and slightly out-of-plane polarized. The displacement amplitude is the function of the angle of monoclinic distortion, and further enhanced by increasing the lattice constants (not shown) in accord with the former theoretical predictions [14, 15] . We note that the shift of A-site cations, larger in magnitude than that of the B-sites, has also been observed for the bulk SBMO in the AFM phase [17] . The octahedral rotations in the film, as functions of A-site element and substrate lattice parameters, will also show strong impacts on these displacive motions, which will be a subject of future study. Now the above introduced manganite films are possibly multiferroic, in which the B-site off-centering will induce direct couplings of electric, magnetic, and orbital properties to the external fields. We found that the OO transition (and coupled polar states) can be controlled with magnetic field (not shown, cf. Ref. [19] ) through the stabilization of the FMM phases. However, the electricfield-control of magnetism has not been successful yet, due mainly to the "bad insulator" character of these OO phases.
It is worth noting that the magnetic information can also be deduced from SHG measurements. The (45
• , s) polarized SHG [for the PSMO film, Fig. 1(a) ] partially reflects the magnetization of the film. A kink structure around 260 K, which cannot be explained by the change in the linear optical spectra, indicates the change in magnetic point groups or the slight modification of the orbital and lattice through the magnetostriction. In addition, the SO transition in PCMO film is discernible in the upper panel of Fig. 3(a) , manifesting that the polar state is robust, in contrast to the case of bulk SBMO in which the polarization is largely suppressed by the G-type SO [17] . To further analyze these magnetic signals, spectroscopic SHG will be helpful.
To summarize, we realized the engineered polarmagnetic states, possibly produced with the off-centering of the magnetic B-site ions, in pseudocubic perovskite manganites by using high-index substrates. The centrosymmetric orbital-orders, d x 2 −y 2 and d 3x 2 −r 2 /3y 2 −r 2 , drive the shear-mode distortion in the bulk part of the film through the first-order JT distortion constrained on substrates, whereas the B-site off-centering is collaborated with the second-order modes. The resultant lattice structure adopts polar point group m, which is confirmed by the extensive SHG polarimetry and first-principles calculations. As demonstrated with three different compounds, this would be a general mechanism to produce polarization in magnetic perovskites, and will be useful for applications exploiting efficient cross-correlations.
